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57 ABSTRACT 

Process for optimizing the features of multilayered tubes 
made of fibrous composite materials, allowing to maintain 
within the specified limits the limit elongations and stresses 
which they withstand in response to the applied strains. The 
process comprises selecting at least two optimized features 
characteristic of each layer (its thickness and the winding 
angle of the fibers for example) by starting from an initial 
tube selected a priori. Through small deviations applied to 
the parameters, the relations between small deviations 
applied to the parameters and the variations of the resulting 
limit elongations and stresses are determined, as well as the 
inverse relations relating the variations of the limit elonga 
tions and stresses to the parameter deviations. Knowing 
these inverse relations allows, in one or several stages, to 
find out the deviations to be applied in order to make up the 
measurable differences between the limit elongations and 
stresses of the optimized tube and the tube selected a priori. 
Application to the achievement of tubular pipes for the oil 
industry for example. 

7 Claims, 1 Drawing Sheet 
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PROCESS FOR OPTIMIZING 
MULTLAYERED TUBES MADE OF 

COMPOSITE MATERIALS AND TUBES 
OBTAINED THROUGH THE PROCESS 

This is a continuation of application Ser. No. 540,749 
filed Jun. 20, 1990, now abandoned. 

BACKGROUND OF THE INVENTION 

The present invention relates to a process for optimizing 
the features of multilayered tubes made of composite 
materials. allowing the tube to be maintained within speci 
fied limits the stresses which they have to withstand in 
response to the strains which may be applied to them. and 
The composite materials are fashioned by coating glass 

fibers, carbon fibers or fibers of other products such as 
aramids in a thermoplastic or duroplastic substance such as, 
for example an epoxy resin, which is generally called a 
matrix. 
The process according to the invention finds its applica 

tions in many fields and, particularly, for the manufacturing 
of the tubes used in the oil industry. 

It is well-known that offshore hydrocarbon exploration 
and development operations require the use of tubular 
strings connecting the sea bed to a surface support such as 
a drilling or a development platform or a subsurface buoy. 
These strings, which are commonly called risers, can serve, 
for example, for protecting the tubings. Although they are 
not subjected to the pressure of the fluid rising from the 
deposit under normal working conditions, the strings must 
be able to withstand it in case of a leakage or of a fracture 
of the tubings. In conditions where they are used, the tubular 
strings may undergo substantial length variations because of 
their weight, of the temperature changes or of the bottom 
effects which occur when a pressure increase causes longi 
tudinal stresses at their head. The rise in pressure or in 
temperature generally goes together with a buckling 
tendency, which requires the use of special guides and 
creates considerable bending and compressive stresses at 
their base. 

Strings of this type are also utilized around offshore 
drilling strings, notably for mud grouting. Here again, the 
internal pressure increase causes effects similar to buckling 
and requires the use of a complex guiding system. 
The effects cited above make it difficult to bury the subsea 

flowlines which, while bending out of shape, tend to leave 
the trench in which they have been buried. In order to avoid 
the difficulties linked to the elongation of the strings, a 
process consists, when this is possible, in subjecting them to 
considerable tension prestresses or in maintaining them 
stretched by generally very complex tensioning systems 
which provide a minimum tensile stress depending on the 
imposed operating conditions. 

Another process consists in manufacturing tubes the elon 
gation of which is practically insensible to the variations of 
the operating conditions, in order to considerably simplify 
their implementing. 

French Patent 2,557.254 or U.S. Pat. No. 4867,205 
describe a process for allowing flexible pipes to achieve the 
elongation of which is practically insensitive to the effect of 
the internal pressure, by superposing several yarn or cable 
layers that are wound up helically and by selecting their 
respective stiffness and winding angles within a determined 
range of values. 

In French Patent Specification 2.627,840 a process is 
proposed for tubes of composite materials wherein the 
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2 
length of of the tubes practically never changes under the 
effect of the internal pressure variations. The tubes manu 
factured thereby comprise several layers of composite 
materials, with each of the layers include several strips of 
helically wound coated fibers following the same pitch but 
with opposite directions of winding, and with the layer 
volumes, the moduli of elasticity and respectively respective 
winding angles being selected for the values of a determined 
function depending on these three parameters to range 
between two well-defined limits. In practice, it is necessary 
to determine whether the selection for the parameters of 
values compatible with a value allowed for the combination 
function actually leads to the planned result. 

Still the previous processes do generally not allow a 
determination of the best possible values for the different 
parameters. This possible latitude of the parameters defi 
nitely has an effect upon the weight and the cost of the 
manufactured tubes. It is therefore advisable, for the same 
performances, to optimize the values of the various param 
eters in order to decrease their cost, 

SUMMARY OF THE INVENTION 

The process according to the invention remedies the 
inaccuracies of the previous processes by allowing an opti 
mization of the features of tubes made of composite mate 
rials consisting of a given number of composite material 
layers of determined thicknesses with each of the layers 
comprising several strips of helically wound fibers, with the 
different layers being defined by at least two characteristic 
parameters, so that an elongation of the layers under the 
effect of the temperature and the pressure, as well as the limit 
stresses undergone by the various layers for imposed maxi 
mum values of the tensile and pressure forces which may be 
applied to them, are very close to the specified limit values. 

In accordance with the process of the present invention an 
initial tube is defined by imposing a priori a set of values for 
the parameters, and, for the initial tube defined thereby, 
values are determined by the limit elongations and stresses. 
An effect on the limit elongations and stresses of slight 
deviations successively applied to each one of the param 
eters characterizing the initial tube are determined, in order 
to set up linear relationships globally relating the values of 
each of the limit elongations and stresses to the applied 
deviations. Inverse relationships expressing the effect of the 
variations of the values of the limit elongation and stresses 
on the values of the various parameters are determined, and 
step by step variations to be imposed upon the parameters 
defining the tube are selected in order to get as close as 
possible to values specified for the limit elongations and 
stresses of the desired tube. 
The process can be applied to the optimizing of the 

features of cylindrical-symmetrical tubes fashioned of com 
posite materials and consisting of a number of layers of 
defined thicknesses manufactured from at least two different 
composite materials, with each layer comprising several 
strips of helically wound fibers. The different layers are 
defined by at least two characteristic parameters such as, for 
example, thicknesses and angles between elongation direc 
tions of the fibers of the various strips and the axis of the 
tube, so that elongations of the layers under pressure and the 
temperature, the limit stress for a specified tensile stress 
undergone by the layers made of the same first composite 
material, and the limit stress for a specified maximum 
pressure undergone by the layers made of the same second 
composite material are very close to the specified limit 
values. 
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In accordance with the process of the present invention, 
an initial tube is defined by imposing a priori at least one 
common thickness value for the layers made of the same 
composite material and at least one common winding angle 
value for the fibers of the layers made of the same composite 
material. Values for an initial tube defined thereby, of the 
limit elongations and stresses are determined, and effects on 
the limit elongations and stresses of slight deviations suc 
cessively applied to each one of the two angular values and 
of the two thickness characterizing the initial tube are 
determined, in order to establish a linear relationship glo 
bally relating to the variations of the values of each of the 
limit elongations and stresses to the applied deviations, 
Inverse relationships expressing the effect of the variations 
of the values of the elongations and stresses are the values 
of the different parameters are determined, and variations to 
be imposed upon the winding angles and the thickness 
defining the tubes to reduce the deviations between the limit 
elongations and stresses determined for the tube and the 
specified limit elongations and stresses in order to 
determine, as near as possible, the specified elongations and 
stresses are selected in a step by step process. 
The process of the present invention may apply to the 

manufacturing of a tube comprising layers made of carbon 
fibers wound with a relatively large winding pitch and layers 
made of glass fibers wound up with a slighter winding pitch. 
The process of the present invention may also apply, for 

example, to tubes in which the fibers of all the layers made 
from the same material show a substantially identical wind 
ing pitch. 
The process of the present invention comprises, for 

example, determining the effect of the values of said limit 
elongations and stresses on the various parameters by cal 
culating the inverse matrix of the matrix consisting of the 
linear relation coefficients relating the limit elongations and 
stresses to the applied deviations. 
The optimized tube made of composite materials which is 

the object of the invention comprises a given number of 
layers of composite materials, with each layer including 
several strips of helically wound fibers, and with the differ 
ent layers being defined by their thickness and the angles 
between the elongation directions of the fibers and the axis 
of the tube. The angles and the thicknesses, obtained by 
optimizing, are such that the elongation of the tube under the 
effect of the temperature and/or of the pressure, within a 
determined range of temperature and pressure variations, is 
substantially nil zero, and the limit stresses undergone by the 
different layers for imposed maximum values of the tensile 
and pressure forces which may be applied to them are 
substantially equal to specified limit values. 
The tube can be made from at least two thicknesses and 

the angles are optimized so that the elongation of the tube 
under the effect of the pressure and/or the temperature, 
within a given range of temperature and pressure variation, 
is substantially zero, and the limit stress for a specified 
tensile stress undergone by the layers made of the same first 
composite material as well as the limit stress for a specified 
maximum pressure, undergone by the layers made of the 
same second composite material, are very close to the 
specified limit values. 

According to the present invention the tube comprises 
layers consisting of carbon fibers wound with a relatively 
low winding angle with respect to the center axis of the tube, 
and layers consisting of glass fibers wound with a greater 
winding angle with respect to the axis center of the tube. The 
winding angle of the carbon fibers ranges, for example, from 
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4 
10 to 25 degrees and that of the glass fibers ranges for 
example from 50 to 75 degrees. 
The fibers of all the layers made from the same material 

can have a substantially identical pitch, but each layer can 
also have a variable winding pitch ranging around one 
average value. 

According to a particular embodiment, the tube can be 
made from carbon and glass fibers whose moduli of elas 
ticity in the direction of the fibers are respectively about 140 
GPa and 56 GPa, with the degraded moduli of transverse 
elasticity and of shearing are about 1 GPa, and with the 
Poisson's factor being substantially 0.28, since these fibers 
can withstand respective limit stresses of about 1.2 GPa and 
1.5 GPa and are wound up on a core the diameter of which 
is about 0.20 meter. With a tube so constructed for a limit 
tensile force of about 4,500 kN and a limit pressure of about 
100 MPa with an elongation variation which is substantially 
Zero for imposed ranges of the pressure and temperature 
variation, the comprises layers of carbon fibers of a thick 
ness of about 5*10 meters wound following an angle of 
about 15 degrees, and layers of glass fibers of a thickness of 
about 10*10 meters wound following an angle of about 60 
degrees. 

According to a variant of the previous embodiment, the 
values of the winding angle of the fibers are average values, 
the winding angles of the different layers achieved with the 
same type of fiberranging, from one layer to another, around 
the average values. 

BRIEF DESCRIPTION OF THE DRAWING 

Other features and advantages of the process according to 
the present invention will become more apparent from the 
following description with reference to the accompanying 
drawing wherein: 
The Single FIGURE is a plied tube of composite materials 

on a cylindrical core constructed in accordance with the 
present invention. 

DETALED DESCRIPTION 

The different steps of the process according to the present 
invention are as follows: 

In a first step, a priori initial values are selected for the 
parameters to be optimized. The selected parameters may 
include, for example, an inner diameter D of the tube to be 
manufactured; an angle AC under which fibers of the first 
material are wound; an angle AV under which the fibers of 
the second material are wound; a thickness Ec of the layer 
of the first material; and/or a thickness Et of the layer of the 
second material. 

In a second step, the objectives to be reached for the final 
tube are then decided; namely, a limit stress CLco which 
should not be exceeded in the second material; a correspond 
ing limit stress CLvo in the first material for a specified 
pressure; a maximum allowable elongation dipo under the 
effect of the pressure, with the maximum allowable elonga 
tion dipo being, for example, Zero; and/or a maximum 
allowable elongation dLto under the effect of the 
temperature, with the maximum allowable elongation d to 
being, for example, zero. 

In a third step, the initial tube, defined a priori, the 
effective values of the limit stresses CLc and CLV in the first 
and second materials for the specified tensile strength and 
pressure, as well as the elongations dLp and dLt of the tube 
under the effect of the specified pressure and temperature, 
can be determined. 
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These limit stresses and elongations are determined by 
applying Hooke's and Kirchhoff's laws. 

In step four a first parameter among those selected for 
characterizing the initial tube, for example, the angle Ac of 
the fibers of the first material is then slightly changed. Let 
AAc be the value of the deviation. The influence of the 
applied deviation on the effects is then determined, that is to 
say the limit stresses CLc. CLV and the elongations dLp and 
dLt obtained for the tube a priori. Variations ACLc. ACLv, 
AdLp and AdLt are, for example, determined for these four 
stresses and elongations. These results allow a determination 
of the relative variations ACLc/AAc. ACLv/AAc. AdLp/AAc 
and AdLt/AAc. 

In order to simplify the notations, an (effect, parameter) 
"I" hereafter will refer to the relationship between the 
variation of an effect concomitant to the variation of a 
parameter. Thus, in the example, described above the rela 
tionship ACLclAAc. ACLV/AAc. AdLplAAc and AdLt/AAc 
will be be referred to as: I(CLc. Ac). I(CLv.Ac). I(dLp, Ac) 
and I(dLt. Ac). 
A second parameter of the tube defined a priori is then 

slightly varied in the same way. A deviation AAv is for 
example, applied to the angle Av and under which the fibers 
of the second material are wound the deviations ACLc, 
ACLV, AdLp and AdLt on the stresses and elongations are 
determined in order to form the ratios I(CLc. Av). I(CLv.Aw), 
I(dLp, Av) and I(dLt.AV). 
For a deviation AEc applied to the thickness Ec of the 

layer of the first material, the same process is repeated in 
order to obtain the ratios I(CLc Ec), I(CLv.Ec), I(dLp Ec) 
and I(dLt.Ec). A deviation AEt applied to the thickness Et of 
the layer of the second material will lead, through the same 
process, to the forming of the following ratios I(CLc,Et), 
I(CLv.Et), I(dLp.Et) and I(dLt Et). 

In a fifth step, it is then possible to establish the global 
effect on each characteristic stress and elongation of slight 
variations simultaneously applied to the four parameters in 
the form of linear combinations of the parameters, with the 
proportional coefficients being the values of the incidents 
obtained above. The relationships between the global varia 
tions VG(CLc), VG(CLV). VG(dLp) and VG(dLt) of the 
stresses and elongations under the effect of the parameter 
variations can be expressed by the following relationships: 

VG(CLc) = (CLCAc) AAc + I(CLCAv) AAv + I(CLc,Ec) * 

AEc + I(CLcEv) * AE, 

WG(CLv) = (CLyAc) * AAc + I(CLAv) * AAv + I(CLEc) * 

AEc + I(CL;Ev) * AEt. 

VG(dLp) = (dLp, Ac) * AAc + I(dLPAv) * AAy + I(dLp,Ec) * 

AEc + I(dLp,Ev) AE, 

VG(dLt) = (dLt.Ac) * AAc + I(dLAy)* AAy + I(dLt Ec) * 

AEC + I(dLEv) * AEt. 

All of the above relationships can be expressed more 
conveniently in the following matrix M: 
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6 
-continued 

I(CLCAc) ICCLc,Av) (CLC,Ec) (CLC,E) Ac 
I(CL, Ac) (CLAv) (CLV, Ec) (CLv, Ef) Av 
I(dLp, Ac (dLp, Av) (dLp,Ec) (dLp,Er) E. 
(dL, Ac) (dLAv) (dL,Ec) (dL, Er) E. 

The matrix M above relates the global variations of the 
stresses and elongations undergone by the tube to the 
deviations imposed on the parameters. 

In a sixth step, the relationships which relate the devia 
tions imposed on the parameters to the global variations of 
the stresses and elongations are then reciprocally deter 
mined. It is thereby possible to know with precision the 
incidence which the variations imposed on the parameters 
can have on the performances of the tube. The operation can 
be conveniently carried out by means of a computer pro 
grammed to invert the matrix M and the result is: 

Ac VG(CLc) 

Aw M-1 : VG(CLv) 
Ec WG(dLp) 
Ew VG(dLt) 

where M' is the inverse of matrix M. 
The initial tube has been defined a priori and the perfor 

mances concerning the resistance towards the stresses and 
elongations CLc, CLv. dLp and dLt which have been pre 
viously established do generally not correspond to the fixed 
objectives which are CLco, CLvo, dLpo, dLto. 

In step seven, if the differences between the performances 
of the tube defined a priori and the objectives are not 
considerable, the values of these differences are assigned to 
the global variations VG(CLc), VG(CLv), VG(dLp), VG 
(dLt). The coefficients of the inverse matrix being known. 
the deviations AAc, AAV, AEc, AEv to be respectively 
applied to the four parameters in order to make up these 
differences are then determined. The values of the winding 
angles of the fibers in the various strips and the thickness of 
the different layers allowing to precisely reach the fixed 
objectives are thus obtained, 

In step eight, if the differences are considerable. better 
results are obtained by carrying out successive stages. Deter 
mined values less than the differences to be made up are 
assigned to the global variations VG(CLc), VG (CLv). 
VG(dLp) and VG(dLt). This allows a determination of the 
corresponding variations of the four parameters. The modi 
fied tube characterized by the new values of the parameters 
is then used as the new reference tube. 

Step three is repeated once more in order to determine the 
new limit stresses and elongations CLc, CLV, dip and dit 
of the new reference tube, then steps four to six and eight are 
repeated in order to obtain new relations relating the param 
eters to the newly obtained global variations. . 
New cycles are carried out until the final deviations to be 

made up between the objectives and the obtained global 
variations are low enough. A last cycle ended with step 
seven allows a reaching of the precise values of the param 
eters of the optimized tube. 

In the example that is given hereafter to clearly show the 
preciseness which can be reached in determining the fea 
tures of a tube made of composite materials, the case is 
considered where the tube comprises a pair of superposed 
layers respectively achieved by winding glass fibers and 
carbon fibers on a cylindrically symmetrical tubular core 
with an imposed diameter of, for example 0.2308 m, with 
the fiber layers being incorporated in a binder made of resin. 
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Measurements are possible to determine the characteristic 
features of the carbon layers hand and of the glass layers. 

FEATURE CARBON GLASS 

Modulus of elasticity: 

... in the direction 40 000 MPa. 56000 MPa. 
of the fibers 
in a transverse OOOMPa. 

direction (degraded) 
Shear modulus (degraded) 1 OOOMPa 000 MPa. 
Poisson's ratio 0.28 0.28 
Limit stress in the 1200 MPa. 1 500 MPa. 
direction of the fibers 
Thermal expansion: 

in the direction O 4 x 10/C. 
of the fibers 
... in a transverse 40 x 10/C. 35 x 10-foc. 
direction 

The objective to reach is defined by the following features 
of the limit stresses and elongations: 

the limit stress CLco in the carbon layer for a 4,500 kN 
tensile stress is set at 1200 MPa: 

the limit stress CLco in the glass layer for a 105 MPa 
pressure is set at 1.500 MPa: 

the elongations dLpo and d to of the tube under the effect 
of the temperature and the pressure are set to be substantially 
ZO. 
The implementing of the process of the present invention, 

from an initial tube with non optimized features, leads to the 
following values for the winding angles and the thicknesses 
of the layers: 

Angle Thickness 

Carbon 15.84° 0.0052 m 
Glass 59.33° 0.01.03 in 

By way of checking, the limit stresses and elongations 
undergone by a tube made of the superposition on a core of 
a layer of glass fibers and another layer of carbon fibers are 
determined with the angle values and the thicknesses above. 
The results obtained were as follows: 

limit stress CLco for a 4,500 kN tensile stress: 1,198 MPa: 
limit stress CLvo for a 105 MPa pressure: 1.499 MPa 
maximum elongation dLto: -0.0014*10°C.; and 
maximum elongation dLpo: 0.014*10/MPa. 
It can be seen thereby that the process according to the 

invention leads to results which are practically identical to 
the specified elongations and stresses. 
The process has been described considering the case of a 

cylindrical-symmetrical tube consisting of the superposition 
of at least two layers made from fibers of two different 
materials, with, for example, the layers made from one 
material having substantially the same winding angle and 
the same thickness. Under these conditions, the number of 
parameters to be determined amounts to four. But it would 
remain within the scope of the invention to apply the process 
to tubes the shape and the composition of which require the 
determining of a greater number of parameters in order to 
meet other particular conditions. If, for example, it possible 
to achieve a multilayered tube from two different sorts of 
fibers, with each layer comprising several pairs offiber strips 
where the winding angle of the fibers of the same substance 
ranges from one strip to another and from one layer to 
another around an average value. For an average angle value 
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8 
set, for example, at 60°, the winding angles will, for example 
be in a range of between 55° and 65°. Whatever the number 
of significant parameters the process as described above may 
be carried out in the same way as previously by investigating 
the coefficients of the linear relationships which relate to 
deviations successively applied to all the parameters to their 
effects on the stresses and elongations. 
We claim: 
1. A process for manufacturing a multilayered tube fash 

ioned of composite materials. the multilayered tube includ 
ing a plurality of layers of composite materials with each 
layer comprising several strips of helically wound fibers, 
each of said layers being defined by at least two parameters 
so that an elongation due to temperature, pressure and stress 
to which the different layers are subjected correspond to 
predefined maximum values of tensile and pressure forces 
that are to be applied to the respective layers, the process 
comprising the steps of: 

defining a set of values for said parameters of an initial 
tube: 

determining limit values of said elongation and stress for 
the initial tube: 

determining an incidence on said limit values of said 
elongation and stress of slight deviation successively 
applied to each one of said parameters to establish 
linear relationships relating to the values of each of said 
limit values of elongation and stress to the deviations; 

determining inverse relationships expressing an incidence 
of variations of said limit values of elongation and 
stress on the values of the different parameters; 

selecting step by step variations imposed on the param 
eters to define the multilayered tube in order to obtain 
limit values of each elongation and stress substantially 
corresponding to said set of values for the initial tube; 
and 

winding said layers having said limit values of elongation 
and stress defined in the selecting step to form the 
multilayered tube. 

2. A process for manufacturing a multilayered cylindrical 
symmetrical tube fashioned of composite materials and 
including a plurality of layers fashioned of at least two 
different composite materials, each layer comprising several 
strips of helically wound fibers, the respective layers being 
defined by at least two parameters including a thickness of 
the respective layers and winding angles of the fibers of the 
respective strips with respect to a center axis of the tube so 
that elongation of the respective layers due to pressure and 
temperature, a limit stress for a specified tensile strength 
undergone by the layers of the same first composite material 
and the limit stress for a specified maximum pressure 
undergone by the layers of the same second composite 
material substantially correspond to specified limit values, 
the process comprising the steps of: 

defining an initial tube by setting a common thickness 
value on layers fashioned of the same composite mate 
rial and at least one common winding angle value for 
fibers of the layers made of the same composite mate 
rial; 

determining limit values for elongation and stress for the 
initial tube; 

determining incidences of said elongation and stress of 
slight deviations successively applied to each of the 
two values of the winding angle and the two thick 
nesses to establish linear relationships relating to varia 
tions of values of eachelongation and stress to all of the 
applied deviations; 
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determining inverse relationships expressing an incidence 
of variations of said elongation and stress on values of 
the respective parameters: 

selecting step by step variations to be imposed on said 
winding angles and said thicknesses defining said tube 
to reduce deviations between limit values of elongation 
and stress determined for the tube and predefined limit 
values for elongation and stress to obtain values for the 
tube substantially corresponding to said predefined 
limit values for elongation and stress; and 

winding said strips fashioned of a material having said 
limit values of elongation and stress determined in the 
selecting step to form the multilayered tube. 

3. A process as claimed in claim 2, wherein at least one of 
the layers is fashioned of carbon fibers wound at a relatively 
large winding angle, and wherein at least one other layer is 
fashioned of glass fibers wound at a smaller winding angle. 

4. A process as claimed in claim 3, wherein fibers of all 
layers fashioned of the same material have a substantially 
identical winding angle. 

5. A process as claimed in claim 1, wherein the incidence 
of the limit values of said elongation and stress on the at least 
two parameters is determined by determining a matrix 
inverse to a matrix including coefficience of the linear 

O 

15 

10 
relationships relating to said values of elongation and stress 
to said deviations. 

6. A process according to claim 3, wherein the carbon 
fibers are wound at a winding angle in a range of between 
10° and 25, and wherein the winding angle of the glass 
fibers is in a range between 50° and 75°. 

7. A process according to claim 3, wherein the carbon 
fibers and the glass fibers have a modulus of elasticity in the 
direction of fibers of 140 GPa and 56 GPa, respectively, a 
degraded transverse elasticity modulus and shear modulus of 
about 1 GPa, a Poisson's factor substantially equal to 0.28. 
said carbon and glass fibers being adapted to withstand the 
respective limit stresses of 1.2 GPa and 1.5 GPa and being 
wound on a core having a diameter of about 0.20 meters, 
wherein the tube has a limit tensile force of about 4,500 kN 
and a limit pressure of about 100 MPa with an elongation 
variation substantially equal to Zero for imposed ranges of a 
temperature and pressure variation, and wherein said tube is 
made of layers of carbon fibers with a thickness range of 
5.10 meters wound at an angle of about 15° and layers of 
glass fibers with a thickness in a range of about 10-10 
meters wound at an angle of about 60°. 
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